Biodegradable poly(L-lactic acid)-poly(ethylene glycol)-poly(L-lactic acid) (PLLA-PEG-PLLA) copolymers were synthesized by ring-opening polymerization of L-lactide using dihydroxy PEG as the initiator. The effects of different PEG segments in the copolymers on the mechanical and permeative properties were investigated. It was determined that certain additions of PEG result in composition-dependent microphase separation structures with both PLLA and PEG blocks in the amorphous state. Amorphous PEGs with high CO 2 affinity form gas passages that provide excellent CO 2 /O 2 permselectivity in such a nanostructure morphology. The gas permeability and permselectivity depend on the molecular weight and content of the PEG and are influenced by the temperature. Copolymers that have a higher molecular weight and content of PEG present better CO 2 permeability at higher temperatures but provide better CO 2 /O 2 permselectivity at lower temperatures. In addition, the hydrophilic PEG segments improve the water vapor permeability of PLLA. Such biodegradable copolymers have great potential for use as fresh product packaging.
Introduction
Fruits and vegetables are perishable products that continue to metabolize actively aer harvest. During storage and transportation of fresh produce, control of respiration plays a signicant role in prolonging the shelf life. By decreasing the amount of available O 2 and increasing the CO 2 gas concentration surrounding the product, the respiration rate and metabolism are correspondingly decreased. 1 In addition, a high relative humidity in the atmosphere surrounding a fresh product diminishes dehydration and preserves freshness, but excessive humidity in the package may stimulate the development of microbial pathogens. Modied atmosphere packaging (MAP) was rst reported in 1927 and refers to the technique of sealing actively respiring produce in polymeric lm packages to modify the O 2 and CO 2 levels within the package. 3 This technique is considered to be one of most effective and convenient ways to decrease the respiration rate and extend the shelf life of fresh produce. 4 MAP is a dynamic process, and the internal atmosphere depends on the natural interplay between the respiration of product and the permeation of gases through the plastic lms in sealed packagings.
5 Therefore, the CO 2 , O 2 and H 2 O permeabilities of lms are very important for providing optimal storage conditions for fresh produce. 6 For most fruits and vegetables, a suitable MAP packaging lm must have a relatively high CO 2 , O 2 and H 2 O permeability and be much more permeable to CO 2 than to O 2 . 3 However, most plastics have relatively poor CO 2 /O 2 permselectivity and H 2 O permeability and are still not optimal for fruit and vegetable packagings.
Recently, increasing use of traditional nondegradable plastics has caused serious environmental problems; consequently, biodegradable polymers are under growing consideration as materials for food packaging. Poly(L-lactic acid) (PLLA) is a natural polymer that is produced from 100% renewable resources, such as corn and sugar beets. 7 It is highly transparent, nontoxic, biodegradable and biocompatible, and offers great promise in a wide range of commodity applications. 8 Compared with most petrochemical-based polymers, such as poly(ethylene), poly(propylene) and even poly(ethylene terephthalate), the oxygen and moisture permeabilities of PLLA are much higher. 9 Therefore, PLLA may be a useful biodegradable packaging material for fruits and vegetables. However, the CO 2 / O 2 selectivity of PLLA lms cannot satisfy the demand of MAP packagings. 10, 11 In addition, its applications are also greatly limited by its low glass transition temperature, poor toughness and ductility. and safe. PEGs are commercially available over a wide range of molecular weights from 300 to tens of thousands. PEGs with different molecular weights have different physical properties that are dependent on the chain length and nd use in different applications. They have been used in numerous applications, including as surfactants, in foods, cosmetics, pharmaceutics and biomedicines, as dispersing agents, as solvents, in ointments and suppository bases, as tablet excipients and as laxatives. [13] [14] [15] [16] PEG is a exible polymer and the polar ether oxygens in PEG increase the solubility and selectivity of CO 2 .
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However, it has extremely high crystallinity, and neat PEG is very difficult to process into gas separation membranes. A series of copolymers and blends with highly branched, cross linked networks and repeating units of ethylene oxide segments can be designed to produce membranes with ideal selectivities.
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These polymers can be used for the separation of CO 2 , CH 4 , N 2 and H 2 , which is one of the most important membrane gas separation processes of industrial applications such as natural gas, landll or tail gas deacidication. However, few studies have reported on the use of PEG to improve the CO 2 /O 2 permselectivity of PLLA for applications in food packaging.
In this study, so PEG segments were employed to improve the permeability and toughness of PLLA. To avoid the migration of PEG from the plastic which would result in lower physical properties of packaging lm and contamination of food, high molecular weight PLLA-PEG-PLLA (PLGL) triblock copolymers with various PEG content and different PEG molecular weights were synthesized by copolymerization. The effects of PEG content and molecular weights in copolymers on the crystallization behavior, microstructure, mechanical properties, gas permeability and selectivity were investigated.
Experimental
Sample preparation Synthesis and characterization of PLGL copolymers. L-Lactide (>99.9%) was purchased from Purac Co. (Gorinchem, the Netherlands) and puried by recrystallization from ethyl acetate. PEGs with molecular weights of 6000, 12 000 and 20 000 g mol À1 were obtained from Sigma-Aldrich, USA.
Stannous octoate (Sn(Oct) 2 ), chloroform and methanol were purchased from Sinopharm Chemical Reagent Co., Ltd, China. PLGL triblock copolymers were prepared by ring-opening polymerization of L-lactide in the presence of PEG. Sn(Oct) 2 was used as the catalyst. As an example, to synthesize the PLGL (PLLA 75000 -PEG 20000 -PLLA 75000 ) triblock copolymer, PEG (2.67 g, 0.134 mmoL, M n ¼ 20 000) was added to a 3 neck ask and vacuum dried at 100 C for 4 h. L-Lactide (20 g, 0.25 mmoL) and Sn(Oct) 2 (0.06 g, 0.148 mmoL) were added to the reaction mixture and stirred at 120 C for 24 h under argon gas. The product was dissolved in chloroform and precipitated with excess cold methanol and the white precipitation was air dried in a fume hood then vacuum dried at room temperature for 72 h. For simplicity, the samples were labeled as PLGLxGy, and PLLA 75000 -PEG 20000 -PLLA 75000 was labeled as PLGL75G20. The numbers aer PLGLG denote the theoretical molecular weights/ 1000 of the PLLA and PEG blocks, respectively. The molecular weights and the polydispersity values were determined by gel permeation chromatography (GPC). The copolymer composition was determined by 1 H NMR signals at 5.09 (-COCH(CH 3 )O-), 1.6 (-CH 3 ) and 3.6 (-OCH 2 CH 2 -). The molecular weight of the PLLA block in the copolymer was determined from the copolymer composition on the basis of PEG's molecular weight. The molecular weights and compositions of copolymers together with the neat PLLA used for the experiments are listed in Table 1 .
Preparation of PLGLxGy lms. PLGLxGy (2.0 g) was dissolved in chloroform (80 mL) with stirring for 3 h at room temperature and the solution was then poured into a glass Petri dish (20 Â 20 cm 2 ). The lm (approximately 30 mm) was dried at 35 C for 1 month in a vacuum oven to evaporate the chloroform.
Characterization of PLGL copolymers and lms
Gel permeation chromatography (GPC). Molecular weights were determined by gel permeation chromatography (GPC, Waters Co., Milford, MA, USA) using a Waters degasser, a Waters 1515 isocratic HPLC pump and a Waters 2414 RI detector. THF was used as the eluent at a ow rate of 1.0 mL min
À1
, and the column temperature was 30 C. Nuclear magnetic resonance (NMR).
1
H NMR spectra of the polymers were obtained using a 400 MHz Bruker Advance 2B spectrometer with deuterated chloroform (CDCl 3 ) as the solvent.
Wide-angle X-ray diffraction (WAXD). WAXD patterns were obtained using a PW1830 X-ray diffractometer (Philips Co., Holland). The Cu Ka radiation (l ¼ 0.15418 nm) source was operated at 30 kV and 30 mA. All measurements were conducted at room temperature under atmospheric pressure. The scans were obtained between Bragg angles of 10-25 at a rate of
Attenuated total reection Fourier transform infrared spectroscopy (ATR-FTIR). ATR-FTIR spectra were recorded at 4 cm À1 resolution with 64 scans from a wavenumber of 800-4000 cm
À1
on an IRAffinity-1 spectrophotometer (SHIMADZU, Japan) equipped with a diffuse reectance accessory.
Atomic force microscopy (AFM). Atomic force microscopy images were obtained using a NanoScope IIIa AFM (Veeco/ Digital Instruments, Santa Barbara, CA, and now Bruker Nano Surface Offices, Palaiseau, France) working in the tapping mode under air.
Gas permeability. Oxygen transmission rates (OTR) and carbon dioxide transmission rates (CTR) were measured in all gures except Fig. 8 using a manometric gas permeability tester (Lyssy L100-5000, Systech Illinois Instruments, Inc., UK) followed by ASTM 1434-82 within the range of 5 to 40 C.
To simulate humidity conditions during the storage of fresh produce, the oxygen permeability was determined at different humidity levels using a constant pressure gas permeability tester (Model 8001 Illinois Instruments, Inc., USA). Each test was repeated four times. The oxygen permeabilities (OP) and carbon dioxide permeabilities (CP) were calculated as previously described.
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Water vapor permeability. Water vapor transmission rates (WVTR) were measured using a Permatran-W Model 3/61 water vapor permeability meter (Mocon Inc. USA) following ASTM E96 (Default method) with a 1 cm 2 mask. Measurements were conducted at 23 C at 65% relative humidity (RH) across the lm without any damage, folds or creases. The water vapor permeability (WVP) was calculated as previously described.
Results and discussion
Molecular characterization of PLGL copolymers
PLGL triblock copolymers with different PLLA chain lengths were prepared by ring opening polymerization of L-lactide in the presence of Sn(Oct) 2 as a catalyst. PEGs with different molecular weights were used as the middle block. The total molecular weight and polydispersity (Pd) of the polymers were determined by GPC and the results are shown in Table 1 . The relative mass ratio (determined by molar ratios) of ethylene glycol/L-lactic acid (EG/LA) in copolymers as determined by 1 H NMR (Fig. S1 †) were lower than the tting ratio, which may be due to an incomplete reaction of monomers. Since different EG/LA feeding ratio, PEG content varied from 3.8 to 26.2 wt%. All copolymers exhibited relatively high molecular weights, greater than 7.3 Â 10 4 , indicating good lm forming properties. In addition, it can also be seen that the molecular weight decreased from 1.7 Â 10 5 to 7.3 Â 10 4 as the PEG in the copolymers increased. The number average molecular weights of copolymers that were determined by GPC were lower than those determined by 1 H NMR. This may be because the systems contain some PLLA homopolymer, which can lead to higher molecular weights in NMR analysis. However, all copolymers have a relatively low Pd value, indicating a narrow molecular weight distribution. Taken together, both 1 H NMR and GPC results demonstrated that high molecular weight PLGL copolymers with different PLLA chain lengths and PEG content were successfully synthesized in this work.
WAXD analysis
The crystalline structure was analyzed by wide angle X-ray diffraction and the results are shown in Fig. 1 . Fig. 1(A) shows the WAXD patterns of pure PLLA and PLGL55Gy copolymers. It can be seen that the pure PLLA sample exhibits a typical amorphous broad band. 29 For PLGL55Gy copolymers, the length of PLLA chains in the copolymers is certain, and it can be seen from Fig. 1 (A) that no obvious diffraction peaks were observed for PLGL55G06 and PLGL55G12, which revealed amorphous structures. However, as the molecular weight of PEG increased to 20 000 in the copolymer, a small diffraction peak at approximately 16.9 appeared in the WAXD pattern of PLGL55G20, which is attributed to the crystallization of PLLA block.
30 Fig. 1(B) presents the WAXD patterns of pure PLLA and PLGLxG20 copolymers. As shown in Fig. 1(B) , there are no obvious diffraction peaks that can be attributed to crystalline PLLA block in PLGL75G20. With decreasing PLLA chain lengths, the relative content of PEG increased in the copolymers, and a broad diffraction peak appeared at 17.6 in the WAXD patterns of PLGL55G20, indicating the presence of a small amount of PLLA crystallites. The intensity of this peak slowly increased from PLGL55G20 to PLGL25G20, suggesting that the incorporation of additional high molecular weight PEG improved the crystallization of PLLA in the copolymers during lm formation. However, most of the PLLA was in an amorphous state. In addition, it should be noted that no clear crystal diffraction peaks for PEG were observed in any of the samples, indicating that the PEG was essentially in an amorphous state in the copolymers ( Fig. 1 and S2 †). symmetric stretching modes of PLLA. 31 The CH 2 symmetric stretching in PEG appeared at approximately 2886 cm À1 , which partly overlapped with IR absorption peaks for CH 3 in PLLA, since the changes in the FTIR spectra in those regions are relatively small. As seen in Fig. 2(A) , the characteristic absorption bands for PLLA at 1750 cm À1 in PLGL55G06 and PLGL55G12 are almost identical. As the PEG molecular weight increased to 20 000, the PEG content in PLGL55G20 increased to 14.8%. Furthermore, a red shi phenomenon was observed as the band at 1750 cm À1 shied to 1748.5 cm
ATR-FTIR analysis

À1
. This may be due in part to PLLA segments with an ordered arrangement or to crystallization in PLGL55G20. Fig. 2(B) shows that the spectrum of pure PEG contains two peaks. The rst peak was at 2886 cm À1 , which was attributed to the stretching vibrations of CH 2 groups in crystalline PEG. The second peak was a small shoulder at 2860 cm À1 and was due to vibrations of CH 2 in amorphous regions of PEG. 32 For the copolymers, on one hand, the stretching band assigned to crystalline PEG at 2886 cm À1 was almost eliminated in PLGL55G20. On the other hand, the intensity of the band for amorphous PEG at 2860 cm À1 increased, implying that most of the PEG blocks exist in an amorphous state in all of the copolymers. Therefore, the spectra for PLGL55Gy (as well as the spectra for PLGLxG6 and PLGLxG12 in Fig. S3 and S4 †) indicate that the PLLA and PEG blocks are in an amorphous state in those copolymers. The above results agree with those from the WAXD analysis and demonstrate that PLLA and PEG blocks maintain an amorphous state in all of the copolymers. Only a small amount of PLLA crystal was present in PLGL55G20, indicating that the presence of large amounts of high molecular weight PEG can promote the crystallization of the PLLA block. This result agrees with the results in Tables S1, S2 and Fig. S6 -S9 in the ESI. † For PLGLxG20 copolymers, as shown in Fig. 2 (C) and (D), the PEG content increased with decreasing PLLA lengths in the copolymers. In addition, the intensity of the characterized absorption bands showed a similar trend with PLGL55Gy copolymers. That is, the intensity of bands assigned to amorphous PEG increased, and a redshi also occurred for the band of PLLA with increasing PEG content in the copolymers. Fig. 2(C) and (D) show that most of the PLLA and PEG were also in an amorphous state in the PLGLxG20 copolymers. This result agrees well with the DSC result. No evidence for crystallization of PEG was observed in the DSC curves (Fig. S5 †) . The crystallinity of neat PLLA was approximately 3.3%, and the crystallization of PLLA was only slightly inuenced by the presence of large amounts of high molecular weight PEG. PLLA in PLGL copolymers produces a relatively low level of crystallinity of approximately 1.5-11.7% (as shown in Table S1 and Fig. S6 †) .
AFM analysis
During the cooling scans for all of the copolymers from 200 to À50 C, no crystallization peaks for PEG were observed, except for PLGLxG20 copolymers (Table S2 , Fig. S7 †) . In the DSC curve for PLGL75G20, a crystallization peak for PEG appeared at À14.7 C, and the crystal enthalpy was only 1 J g À1 . With
increasing PEG content, the crystal enthalpy of PEG gradually increased to 32.8 J g À1 in PLGL25G20. This result indicated that additional high molecular weight PEG was easier to gather and form a microphase segregation structure.
To further observe the microstructure of the copolymers, atomic force microscopy (AFM) images were obtained. Fig. 3 shows two dimensional AFM surface images of copolymer lms containing various compositions that were obtained at room temperature.
As shown in Fig. 3(A) , pure PLLA exhibited a homogeneous and continuous phase structure. For PLGL35Gy copolymers, Fig. 3(B) , (C) and (F) show that an obvious microphase separation appeared with the addition of PEG. The microphase separation size of PLGL35G12 was approximately 10-20 nm, and the size of PLGL25G20 was approximately 400 nm. That is to say the degree of phase separation increased with the molecular weight of PEG. For PLGLxG20 copolymers, different degrees of phase separation can be seen from Fig. 3(D) -(G). It is noteworthy that AFM images show the presence of island structures on the surfaces of PLGL75G20 and PLGL55G20 lms. The microphase separation size of PLGL75G20 was approximately 20 nm. With increasing PEG content, wormlike structures are observed on the surface of PLGL35G20 and PLGL25G20 lms in the AFM images. The microphase separation size of PLGL25G20 increased to approximately 900 nm. We speculate that the dark phase was mainly amorphous PEG blocks, and the bright yellow phase was mainly amorphous PLLA blocks.
Considering both the AFM and DSC results, the physical state may be speculated to be as shown in Fig. 4 . For a series of PLGLxG06 and PLGLxG12 copolymers, PLLA and PEG chains can intertwine to form a homogeneous "blend". The two phases present good compatibility since the molecular weight and content of PEG are both low. Thus, the thermal behavior of PEG cannot be easily determined from DSC curves. However, by further increasing the molecular weight and content of PEG, phase separation occurred in PLGLxG20 copolymers. Few PEG chains intertwined with PLLA. Most of the PEG was in an amorphous state and was arranged alternately and orderly with PLLA chains.
Gas permeability analysis
For fresh food packaging, plastic lms with excellent carbon dioxide (CO 2 ) and oxygen (O 2 ) permeability and permselectivity can quickly adjust gas proportions in sealed packaging to a low O 2 and high CO 2 atmosphere. This can reduce respiration by the product and prolong the shelf-life of fresh produce. Tables S3 and S4 †) show the CO 2 and O 2 permeability and permselectivity of PLLA and PLGLxGy copolymers at different temperatures. As shown in Fig. 5(A) , the CO 2 permeability coefficient (CP) of pure PLLA was approximately Gas permeability of PLLA and PLGLxG06. At a certain temperature, the relative PEG content increased with a decrease of the PLLA chain length in the copolymers, and the CP value of PLGLxG06 was higher than pure PLLA and increased slowly with increasing PEG content. This is because, on one hand, PEG has remarkable dissolution and diffusion capabilities for CO 2 , approximately 7 times those of pure PLLA. Thus, the CP increased with increasing PEG content. On the other hand, the presence of large exible PEG chains can improve signicantly the mobility of polymer chains and decrease the glass transition temperature (T g ) of the copolymers. 32 A decrease of the T g (Table  S1 †), and an increase of mobility leads to an increase of the free volume of the copolymers. Thus, the gas penetrates the copolymer lm more easier than pure PLLA under the same conditions. With increasing temperature, it more closely resembles the T g of the PLGLxG06 copolymer, and the free volume also increased. Thus, the CP of the polymers increased with increasing temperature. Fig. 5(B maintained OP values close to those for PLLA. However, the OP for PLGL35G06 increased faster than for pure PLLA above 35 C, and PLGL35G06 has a slightly higher OP than pure PLLA. That may be because the PEG block has no special ability to dissolve and diffuse O 2 molecules. Compared with PLLA, PEG alone presents a slight barrier to O 2 . At low temperatures, the presence of a small amount of PEG decreased the free volume between the molecular chains. Thus, gas permeation decreased slightly and led to slightly smaller OP values for the copolymers. At a temperature close to the melting point, the impact of exible PEG blocks on the mobility of copolymers became large. Thus, the OP for PLGL35G06 increased faster and became even higher than for PLLA above 35 C. Fig. 5(C) shows the permselectivity ratio of CO 2 to O 2 (P C/O ) for PLLA and PLGLxG06 copolymers. The P C/O value for pure PLLA was approximately 3.51 at 5 C, and the P C/O decreased slowly to 2.79 at 40 C. Therefore, pure PLLA has poor permselectivity for CO 2 and O 2 and cannot meet the demand of MAP packaging of fresh products with strong respiration. 33 For PLGLxG06 copolymers, the P C/O values were approximately 3.48-6.08 and are more suitable for fruit and vegetable packaging.
As determined with pure PLLA, the P C/O of copolymers also exhibited a decreasing tendency, and decreased even more rapidly with increasing temperature. However, the P C/O increased with an increase of the PEG content in copolymers at the same temperature (also shown in Fig. S9(C) †) . PLGL35G06 has the highest P C/O value, approximately 6.08 at 5 C. There are two reasons for this phenomenon: on one hand, ethylene oxide (EO) groups in PEG blocks have a strong affinity for CO 2 . With decreasing lengths of PLLA at the ends, the relative content of PEG in copolymers increased. Thus, the EO group content was increased, which further improved the solubility and diffusion selectivity of CO 2 of the copolymers at a certain temperature.
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On the other hand, although the gas permeability coefficient was improved, the solubility of CO 2 in the lms decreased with increasing temperatures. Generally, the increase of the gas permeability coefficient occurred faster than the decrease of the solubility. However, increased temperatures will nally cause a decrease of both solubility selectivity and diffusion selectivity for most polymer lms, 35, 36 and the PLGL35G06 with the highest PEG content presented the best permselectivity at lower temperatures.
Gas permeability of PLLA and PLGLxG12. Fig. 6 presents the gas permeability and selectivity of PLGLxG12 copolymers. It can be seen that the permeability of PLGLxG12 lms exhibits an increasing trend similar to PLGLxG06 copolymers with increasing temperature. However, the difference is that the increase of CO 2 permeability was even more rapid. In contrast, the O 2 permeability increased slowly with increasing temperature. The P C/O of the PLGLxG12 copolymer was approximately 4.32-7.71, which is closer to the ideal ratio of 8-10 for fruit and vegetable packagings. At a given test temperature, the P C/O increased with increasing PEG content. However, for all PLGLxG12 copolymers, the P C/O continued to decrease with increasing temperature.
Gas permeability of PLLA and PLGLxG20. As shown in Fig. 7 , as the molecular weight of the PEG increased further to 20 000, the CO 2 permeability of the PLGLxG20 copolymers became much more different than the PLGLxG06 and PLGLxG12 copolymers under the same conditions. In particular, when the temperature was greater than 20 C, the CO 2 permeability of PLGLxG20 copolymers increased rapidly, and the difference became larger. However, the O 2 permeability of PLGL75G20, PLGL55G20 and PLGL35G20 showed minimal difference below 25 C. The O 2 permeabilities of copolymers with higher PEG content increased more rapidly above 25 C, and these three copolymers began to show obvious differences. PLGL25G20, which has the highest PEG content, presented a much higher O 2 permeability than the other PLGLxG20 copolymers, and the OP reached 6.1 Â 10 À8 cm 3 m m À2 d À1 Pa À1 at 40 C. Fig. 7(C) shows the permselectivity for PLGLxG20. It can be seen that those copolymers exhibit a major difference in CO 2 /O 2 selectivity. The P C/O values for PLGL75G20, PLGL55G20 and PLGL35G20 were approximately 4.77-13.20, and they decreased slowly with increasing temperature. It should be noted that PLGL25G20, which has the highest PEG content of all the PLGLxG20 copolymers, has a relatively high P C/O value of approximately 17.3 at 5 C. Nevertheless, the P C/O was sharply decreased and was similar to the P C/O of PLGL55G20 at 40 C.
There are a number of explanations for this behavior: one is that the PLGLxG20 copolymer contained approximately 11.5-26.2% so PEG blocks. The strong affinity for CO 2 of PEG plays a leading role in the permselectivity of lms at low temperature, and the copolymers with greater PEG content have a higher solubility and selectivity for CO 2 . However, as the temperature rises closer to the melting point of PEG, the mobility of copolymers with more PEG blocks was greatly increased. The so PEG and hard PLLA segments in the molecular chains were more likely to aggregate. The increase of exile PEG concentrations nally changed the phase balance in the PLGLxG20 copolymer system, which became unstable and various phase separations occurred in those copolymers. Both the permeability of CO 2 and O 2 of lms were improved and eventually lead to a more rapid decrease of the P C/O values for PLGL25G20. In addition, the rigidity of PLGLxG20 membranes will decrease at high temperatures, allowing gases to pass through more easily. The affinity for CO 2 of PEG was limited and was no longer a predominant factor for inuencing the gas selectivity of copolymer membranes.
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Oxygen permeability of polymers at different relative humidity A partial pressure difference test method cannot simulate a humid environment for fruit and vegetable storage, and a constant pressure test method cannot simulate a lowtemperature environment. In the present study, an isostatic permeometer was used to determine the O 2 permeability at different levels of humidity at 23 C. Fig. 8 shows the variation of the CP values of PLLA and PLGLxG20 copolymers with a change of humidity. It can be seen that different test methods have certain effects on the CP values. However, since the OP represents the basic physical property of a polymer, the OP values obtained from both methods have no signicant difference. As shown in Fig. 8 , PLLA has the highest OP value. However, the OP was quite stable with a changing humidity, indicating that PLLA was insensitive to humidity. Aer copolymerizing with PEG, the OP values of PLGLxG20 copolymers were lower than for PLLA. Furthermore, the OP values decreased slightly at rst, and then slowly increased with increasing humidity. It should be noted that the OP changed minimally with humidity below RH60%. By further increasing the humidity to above RH60%, the OP exhibited an obvious increasing trend with increasing relative humidity. Overall, PLLA and PLGLxG20 copolymers could maintain a stable O 2 permeability under different levels of humidity. That is, those copolymers provide a fresh produce stable humidity environment because of their stable permeability.
Water vapor permeability
A suitable humidity environment is extremely important for food preservation. On one hand, fresh produce requires that the lm provides a water vapor barrier to prevent a massive loss of water. On the other hand, excessive accumulation of water vapor results in condensation. The relative humidity in a sealed package greatly depends on the water vapor permeability of the packaging lm. The water vapor transmission rate (WVTR) and water vapor permeability (WVP) are used to characterize the permeability of lms. Table 2 and Fig. 9 present the water vapor permeability for PLLA and PLGLxGy copolymers. Fig. 9 (A) summarizes the variation of the WVP value with the PEG content and molecular weight. It can be seen that the WVP values show a dependence on both the content and the molecular weight of the PEG. For PLGL35Gy and PLGL55Gy copolymers with certain PLLA lengths, the WVP values decreased slightly at rst, and then increased with increasing PEG molecular weights. In the case of PLGL75Gy copolymers, the WVP values showed an obvious increasing trend with increasing PEG molecular weight from the beginning. For copolymers with certain PEG molecular weights, the shorter the PLLA length, the higher was the WVP value. Furthermore, copolymers with higher molecular weight PEG exhibited a greater increase of the permeability. As shown in 
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When PE is used for packaging of fresh fruits and vegetables, condensation can occur easily in the package and cause local corruption, and perforation is the most commonly used method to avoid condensation. However, perforation causes the lm to lose its control of the gas proportions in sealed packaging. For PLGLxGy copolymers, the existence of a sufficient number of hydrophilic PEG blocks can adjust the water vapor permeability of lms and may be able to prevent the condensation in fresh product packagings. It can be seen from Fig. 9 (B) and Table 2 h À1 Pa À1 . That is, the PLGL35G06 exhibited better water vapor permeability than neat PLLA because, despite the fact that PEG has good water vapor hydrophilicity, the molecular weight of the PEG was 6000 and the content of PEG in PLGL75G06 and PLGL55G06 was less than 6%. As shown in Fig. 3 This is because as the content of PEG increased further in the copolymers, the hydrophilic PEG chains aggregated easily. Gas permeability channels can be formed by the PEG. H 2 O molecules were easily adsorbed onto the surface of the membrane and diffused into the membrane, and the DSC and WAXD results indicated that most of the PLLA chains were in an amorphous state. The presence of large amounts of high molecular weight PEG results in microphase separation. In consideration of the above factors, the water vapor permeability of PLGLxG12 and PLGLxG20 copolymers increased with increasing PEG content. a The testing condition is 23 C, RH 65%. Fig. 9 The variation of WVP of PLLA and PLGLxGy triblock copolymer films with different molecular weight of PEG.
